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Nuclear-encoded mRNAs encoding mitochondrial
proteins (mMPs) can localize directly to themitochon-
drial surface, yet how mMPs target mitochondria and
whether RNA targeting contributes to protein import
into mitochondria and cellular metabolism are un-
known.Here,weshowthat theCOPIvesiclecoatcom-
plex is necessary for mMP localization to mitochon-
dria and mitochondrial function. COPI inactivation
leads to reduced mMP binding to COPI itself, result-
ing in the dissociation of mMPs from mitochondria, a
reduction in mitochondrial membrane potential, a
decrease in protein import in vivo and in vitro, and se-
vere deficiencies inmitochondrial respiration. Using a
model mMP (OXA1), we observed that COPI inactiva-
tion (ormutationof the potential COPI-interaction site)
led to alteredmRNA localization and impaired cellular
respiration. Overall, COPI-mediated mMP targeting is
critical for mitochondrial protein import and function,
and transcript delivery to the mitochondria or endo-
plasmic reticulum is regulated by cis-acting RNA
sequences and trans-acting proteins.
INTRODUCTION
Given that mRNA targeting and localized translation spatially
restrict gene expression (Buxbaum et al., 2015), the targeting
of nuclear mRNAs encoding mitochondrial proteins (mMPs) to
mitochondria could facilitate protein import upon translation
(Weis et al., 2013). Evidence for translationally active mitochon-
dria-anchored ribosomes was first reported by Butow and col-
leagues (reviewed in Weis et al., 2013), and microarray-based
transcript analyses later demonstrated that mMPs of prokaryotic
origin preferentially associate with mitochondria-bound ribo-
somes (Marc et al., 2002). These findings were corroborated
by global transcriptome analyses (Saint-Georges et al., 2008),
fluorescence microscopy approaches to localize endogenously
expressed mMPs in vivo (Gadir et al., 2011), and proximity-
based ribosome profiling (Williams et al., 2014). Other studies
implicate mMP localization in normal mitochondrial respiratory
function and suggest that sequences within the 30 UTRs are540 Cell Reports 15, 540–549, April 19, 2016 ª2016 The Authors
This is an open access article under the CC BY-NC-ND license (http://conserved and contribute to transcript localization and mito-
chondrial biogenesis (reviewed in Weis et al., 2013).
Additional factorscontrolmMP localization, including translation
of the amino-terminal mitochondrial targeting sequence (MTS).
This suggests that there is an interaction between the emerging
polypeptide and the translocase of the outer membrane (TOM)
import complex (Eliyahu et al., 2010; Garcia et al., 2010). Indeed,
the deletion of TOM subunits affects mMP localization (Eliyahu
et al., 2010; Gadir et al., 2011). The Puf3 RNA-binding protein
(RBP) (reviewed in Weis et al., 2013) is also necessary for some
mMPs to associate with mitochondria (Gadir et al., 2011; Saint-
Georges et al., 2008). However, sincePuf3 is a non-essentialmito-
chondrial resident, it likely functions inmMP anchoring rather than
targeting.Thus,ourunderstandingofmMPtargetingand itsconse-
quences is limited, and although translating ribosomesare present
on the mitochondrial surface and may allow for co-translational
import (Williams et al., 2014), this does not preclude the possibility
that mMPs target mitochondria prior to translation initiation.
To identify trans factors involved in RNA trafficking, we estab-
lished an affinity-purification procedure (RaPID) for the selective
isolation of MS2 RNA aptamer-tagged transcripts from cells (Slo-
bodin andGerst, 2010).WeappliedRaPID toOXA1, anmMPcod-
ing for an inner membrane protein. Endogenous OXA1 mRNA
targets to yeast mitochondria (Haim et al., 2007), and its
conserved 30 UTRcontains a Puf3-interactingmotif that facilitates
localization (Gadir et al., 2011).AlthoughOXA1 is non-essential, its
deletion leads to deficient respiration and an inability to grow on
non-fermentable carbon sources. We identified Sec27, a subunit
of the COPI coat that confers Golgi-endoplasmic reticulum (ER)
vesicular transport (Popoff et al., 2011), as binding to OXA1 RNA
and its inactivation (using a sec27-1 allele) impaired RNA localiza-
tion to mitochondria (Slobodin and Gerst, 2010).
While COPI is not known to direct material transport (e.g.,
lipids, proteins) to mitochondria, we demonstrate a direct role
for COPI in mMP localization and mitochondrial function. We
show that COPI inactivation inhibits mMP localization to mito-
chondria, mitochondrial membrane potential, MP import, and
subsequent mitochondrial function (i.e., respiration). COPI de-
livers mMPs to mitochondria and, using OXA1 mRNA as a
model, we show that separate cis-acting elements determine
RNA localization to the mitochondria or the ER, depending
upon whether COPI is functional. Thus, COPI has a role in the
regulation of mitochondrial function specifically related to
mRNA trafficking and protein import.creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. COPI Subunit Inactivation Reduces OXA1 mRNA Locali-
zation to Mitochondria
(A) Endogenous OXA1 mRNA is mislocalized upon sec26-2 inactivation. WT
(W303) and sec26-2 cells expressing MTS-GFP (Mito) were either maintainedRESULTS
OXA1 mRNA Is Mislocalized from Mitochondria upon
COPI Inactivation
Sec27 was identified as a candidate RBP for OXA1 mRNA, and
temporal inactivation using a sec27-1 temperature-sensitive
(ts) allele resulted in mislocalized OXA1 mRNA granules (Slobo-
din and Gerst, 2010). This was confirmed in reciprocal fashion,
whereby hemagglutinin (HA)-tagged Sec27 was examined
for its ability to precipitate endogenous OXA1 mRNA. OXA1
mRNA, but not an mRNA transported to the bud tip along with
cortical ER (e.g., SRO7) (Aronov et al., 2007), bound to Sec27
(Figure S1A). Thus, RNA binding to Sec27 is selective.
YeastCOPI consists of theSec33/Ret1 (aCOP), Sec26 (bCOP),
Sec27 (b0COP), Sec21 (gCOP), Ret2 (dCOP), Sec28 (εCOP), and
Ret3 (zCOP) subunits. To determine whether the inactivation of
other COPI subunits affects mMP localization, we examined the
localization of endogenously expressed OXA1 mRNA in cells
bearing a ts allele ofSEC26 (sec26-2), using single-molecule fluo-
rescence in situ hybridization (smFISH) with complementary
tetramethylrhodamine-labeled oligonucleotide probes. Endoge-
nous OXA1 mRNA localized to the mitochondria (labeled with
MTS-GFP) in both wild-type (WT) and sec26-2 cells maintained
at the permissive temperature (26C) (Figure 1A). Nearly 80%
RNAco-localizationwithmitochondriawas observed (Figure 1B),
and this was identical to levels measured using fluorescence
microscopy with either plasmid- or genome-expressed MS2
aptamer-tagged OXA1 mRNA (Gadir et al., 2011; Slobodin and
Gerst, 2010). In contrast, a short (1-hr) temperature shift to
37C reduced OXA1 mRNA co-localization with mitochondria in
sec26-2 cells by nearly half (e.g., 42%), while no significant
change was observed in WT cells (Figures 1A and 1B). Thus, a
large portion of endogenous OXA1 mRNA does not localize to
mitochondria upon Sec26 inactivation, as seen upon Sec27
inactivation (Slobodin and Gerst, 2010).
We examined whether the inactivation of other COPI subunits
affects OXA1 mRNA localization. MS2 aptamer-tagged OXA1
mRNA (+30 UTR) was expressed from a plasmid in COPI mutants
(e.g., sec26-2, sec27-1, ret3-1, sec33-1, and GAL-SEC28) and
examined for localization at either permissive (26C) or restrictiveat 26Cor shifted to 37C for 1 hr, prior to labeling with smFISH probes. Merge,
merge of fluorescence windows. Scale bars represent 2 mm.
(B) Histogram of OXA1 smFISH data.
(C) Exogenous OXA1 mRNA is mislocalized upon COPI inactivation. WT
(BY4741) and indicated COPI ts strains expressing MS2-tagged OXA1 and
MS2-CP-GFP(x3) from CEN plasmids were grown as in (A), prior to staining
with MitoTracker. Histogram shows the percentage of mislocalized RNA
granules in cells grown at 26C (gray bars) or shifted to 37C (white bars). See
the fold change table at the bottom.
(D) Endogenous MS2-tagged OXA1 mRNA is mislocalized upon COPI inacti-
vation. WT (BY4741) and sec27-1 strains expressing endogenous MS2-tag-
ged OXA1 and MS2-CP-GFP(x3) were grown as in (A) in medium containing
3% glycerol, prior to labeling with MitoTracker.
(E) mMPs are depleted from a mitochondrial fraction upon COPI inactivation.
sec26-2 cells, grown as in (A), were subjected to mitochondrial fractionation,
RNA extraction, and qPCR. Shown are the amounts of the indicated RNAs
bound to the mitochondrial-enriched fraction derived from sec26-2 cells at
26C or shifted to 37C, relative to those derived from WT cells.
Error bars represent SE). *p% 0.05; **p% 0.01; ***p% 0.005.
Cell Reports 15, 540–549, April 19, 2016 541
(37C; 1 hr) temperatures (Figure 1C). We also used cells bearing
a galactose-inducibleSEC28 gene that, when shifted to glucose-
containingmedium, has amore pronounced ts phenotype than a
constitutive sec28D deletion.OXA1mRNAgranules were scored
for their ability to co-localize with mitochondrial structures
labeled byMitoTracker (see Figure S1B).We observed increased
levels (>2.5-fold) of mislocalized granules in all COPI mutants
shifted to 37C, with the exception of ret3-1 (Figure 1C). RET3
inactivation may imply either that this subunit is not important
for OXA1 RNA localization or that compensatory changes
occurred in this strain. Last, we examined the localization of
endogenously expressed OXA1 mRNA in sec27-1 cells by inte-
grating 12 MS2 aptamer repeats between the open reading
frame (ORF) and 30 UTR using m-TAG (Haim et al., 2007) and
co-expressing the fluorescent MS2-binding protein reporter
(MS2-CP-GFP(x3)). Cells were grown on a non-fermentable
carbon source to enhance OXA1 expression, and while WT cells
exhibited no difference in OXA1 mRNA localization to mito-
chondria at 37C (1 hr), SEC27 inactivation led to a 2-fold
increase in mislocalized granules (Figure 1D). Thus, using three
different means of expression/detection, we demonstrated
that COPI is required for optimal OXA1 mRNA localization to
mitochondria.
As elevated temperatures may temporally corrupt the yeast
actin cytoskeleton, we examined actin in the COPI mutants us-
ing rhodamine-conjugated phalloidin. No differences in actin
labeling were observed at 26C and 37C (1 hr) in comparison
to WT control cells (data not shown). Thus, RNA mislocalization
in the COPI mutants is not a by-product of cytoskeletal
defects.
Multiple mMPs Are Mislocalized upon COPI Inactivation
Next, we determined whether COPI inactivation has a general
effect upon mMP localization. Subcellular fractionation and den-
sity gradient centrifugation were used to obtain a mitochondria-
enriched fraction from WT and sec26-2 cells maintained at 26C
or shifted to 37C (1 hr), and the levels of bound transcripts were
analyzed by qPCR (Figure 1E). We examined select mMPs (e.g.,
OXA1, CBS1, FIS1, IMG1, RSM25, andMDM10) and found that
their levels declined substantially in the mitochondrial fraction
derived from sec26-2 cells, relative toWT cells, after the temper-
ature shift. In contrast, the level of a control mRNA (e.g., ACT1) in
the mitochondrial fraction was unaffected. We next examined
mMP distribution in sec26-2 cells maintained at 26C on glucose
or shifted for 16 hr to a non-fermentable carbon source (e.g.,
glycerol) to promote respiration (Figure S1C). Whereas the levels
of mMP association to the mitochondria generally increased by
2-fold on glucose (vis a´ vis WT cells), they declined substan-
tially (>50%) in sec26-2 cells grown on glycerol. Thus, mMP dis-
tribution is affected by shifting COPI mutants to respiration-
dependent growth conditions (Figure S1C) and not only upon
allele inactivation by temperature (Figure 1E). This is important,
since COPI function in Golgi-ER transport is not expected to
be perturbed under the former conditions.
OXA1mRNA Localizes to the ER upon COPI Inactivation
Studies with cell fractionation and microarrays (reviewed in
Kraut-Cohen and Gerst, 2010) or fluorescence microscopy542 Cell Reports 15, 540–549, April 19, 2016(Kraut-Cohen et al., 2013) suggest that the ER hosts transcripts
that partition to membranes in a translation- and signal-recog-
nition-particle (SRP)-independent manner. Likewise, mRNAs
destined to reach distal intracellular locales (e.g., bud/shmoo
tip, lamellipodia, axons, and dendrites) anchor to ERmembranes
and are co-transported by cytoskeletal elements andmotors (re-
viewed in Gerst, 2008). Thus, the ER is a potential site for mMP
re-localization upon COPI inactivation.
We examined the co-localization of endogenously expressed
OXA1 mRNA with an ER marker (Sec63-GFP) in temperature-
shifted WT and sec26-2 cells using smFISH. While some co-
localization is observed for OXA1 RNA and ER in WT cells
(Figure S1D), perhaps due to organellar juxtaposition, OXA1
mRNA did not co-localize substantially with ER in non-shifted
WT or sec26-2 cells (Figure 2A; Figure S1E). In contrast, a signif-
icant increase (2-fold; from 27% to 54%) in RNA co-localization
with the ER was observed in temperature-shifted sec26-2, but
notWT, cells (Figures 2A andS1E).We substantiatedmMP local-
ization to the ER using MS2 aptamer-tagged OXA1 and
mCherry-tagged Scs2 (mCh-Scs2), an ER marker, in sec26-2
and sec33-1 cells. Following the temperature shift (1 hr), the frac-
tion of ER-localized OXA1 mRNA granules increased 2-fold in
the sec33-1 and sec26-2 cells (from 22% ± 3.8% to 43% ±
9.2% and from 31% ± 4.2% to 53% ± 11%, respectively; Fig-
ure 2B) but remained unchanged in WT cells (data not shown).
Together, the different expression/detection systems reveal
that a large fraction of OXA1mRNA is displaced from mitochon-
dria to the ER upon COPI inactivation.
Interestingly, we observed the same displacement of OXA1
mRNA to the ER upon removal of themitochondrial targeting sig-
nals (i.e., MTS translation initiation codon and 30 UTR) in an
earlier work (Gadir et al., 2011). This indicates that mutations in
either cis- or trans-acting elements affect mMP localization simi-
larly. Furthermore, we note that mMPmislocalization in the COPI
mutants is not dependent upon de novo protein synthesis,
as aptamer-tagged OXA1 mRNA still mislocalized in tempera-
ture-shifted sec26-2 cells treated with cycloheximide (CHX;
Figure 2C).
To verify thatOXA1mRNA delivery to the ER has physiological
significance, we expressed tandem dimers of the MS2 aptamer-
binding protein fused to Sec63-GFP (Sec63-tdMCP-GFP) along
with MS2 aptamer-tagged OXA1. Sec63-tdMCP-GFP gave ER
localization in WT cells (Figure 2D), and a >3-fold increase
(from 22% to 69%) in OXA1 mRNA localization to the ER was
observed in cells co-expressing both the fusion and aptamer-
tagged OXA1. Importantly, the co-expressing WT cells grew
much less well on glycerol (Figure 2E), indicating that mitochon-
drial function was inhibited as a consequence of increasedOXA1
mRNA mislocalization. A similar inhibition in growth was
observed using aptamer-tagged endogenously expressed
ARH1 (data not shown). Thus, the mislocalization of a single
RNA species can inhibit cellular respiration and growth, indi-
cating that RNA trafficking to the mitochondria is physiologically
important.
Oxa1 Protein Localizes to the ER upon COPI Inactivation
To determine the consequence of OXA1 mRNA mislocalization,
we examined Oxa1 protein localization in WT cells and COPI
Figure 2. COPI Inactivation Mislocalizes OXA1 mRNA to the ER
(A) COPI inactivation leads to co-localization of endogenousOXA1mRNAwith
ER. WT (W303) and sec26-2 cells expressing the Sec63-GFP ER marker were
maintained at 26C or shifted to 37C (1 hr), prior labeling with smFISH probes.
(B) Co-localization of exogenousOXA1mRNAwith ER is enhanced upon COPI
inactivation. sec33-1 and sec26-2 cells expressing MS2-taggedOXA1mRNA,
MS2-CP-GFP(x3), and themCh-Scs2 ERmarker fromplasmids were grown as
in (A) and scored for RNA granule localization to ER. *p% 0.05.
(C) OXA1 mRNA mislocalization is not affected by CHX. sec26-2 cells
expressing MS2-tagged OXA1 and MS2-CP-GFP(x3) from plasmids weremutants. Red-fluorescent-protein (RFP)-tagged Oxa1 co-local-
ized with mitochondria under normal conditions and labeled
the ER in <10% of WT cells at either 26C or 37C (1 hr) or in
sec26-2mutants at 26C (Figures 3A–3C). However, a significant
increase in Oxa1-RFP targeting to cortical and nuclear-associ-
ated ER was observed upon COPI inactivation (3.5-fold in-
crease observed in sec26-2 cells at 37C; Figures 3B and 3C),
and the same altered patternwas seen in the other COPImutants
(e.g., sec33-1, ret2-1, and sec27-1 cells; Figures 3C and S2A) at
37C (1 hr). Likewise, conditional turn-off of SEC28 expression
led to an 5-fold increase in Oxa1 mislocalization on glucose-
containing medium (Figure 3C). In contrast, ret3-1 cells did not
exhibit increased Oxa1-RFP mislocalization at 37C; however,
the number of cells with mislocalized Oxa1-RFP at 26C was
similar to that of the other COPI mutants shifted to 37C (Fig-
ure 3C). Thus, penetrance of the ret3-1 allele may occur at the
permissive temperature.
We observed no overlap between Oxa1-RFP protein and a
Golgi marker, Sed5 (Figure S2B), suggesting that Oxa1-RFP is
restricted to the ER or morphologically altered mitochondria
(described later) upon COPI inactivation. As controls for speci-
ficity, we examined Oxa1-RFP localization in other mutants
of the secretory pathway, including those of the COPII coat
(sec31-1); the exocyst (sec15-2); and Sec18 (sec18-1), an
ATPase that mediates SNARE disassembly and transport along
the secretory pathway. Like WT cells (Figure 3A), the COPII and
exocyst mutants showed10%of cells with ER-localized Oxa1-
RFP (Figure S2C). In contrast, the sec18-1mutant showed an in-
crease (3-fold) in cells having ER-localized Oxa1-RFP upon allele
inactivation at 37C (Figure S2C). This implies that COPI vesicle
transport and consumption may be required for OXA1 mRNA
and protein localization to mitochondria.
Though COPI is not proposed to mediate vesicle/lipid traf-
ficking to the mitochondria, nor have SNAREs been demon-
strated to reside thereon, our findings support a model whereby
Oxa1 localization to mitochondria depends upon COPI vesicular
transport. If so, we hypothesized that the inhibition of COPI as-
sembly should mislocalize Oxa1. COPI is inhibited by Brefeldin
A (BFA), which arrests coatomer assembly through the inhibition
of ADP-ribosylation factor (ARF). Thus, we used erg6D/ise1D
cells, which are permeable and sensitive to BFA, resulting in
the redistribution of Golgi proteins to the ER. Indeed, cells
treated with BFA displayed increased Oxa1-RFP mislocalization
to the ER (2.5-fold; Figure 3D), which confirms the idea that thetreated with CHX (100 mg/ml) and grown as in (A). Cells were labeled with
MitoTracker, and the percentage of mislocalized RNA granules was scored.
**p% 0.01.
(D) Sec63 fused with GFP and tandem dimers of MS2 binding protein is ER
localized. WT cells expressing Sec63-GFP or Sec63-GFP fused to two copies
of the MS2 aptamer-binding protein (Sec63-MCP-GFP), as illustrated, were
visualized by fluorescence (GFP) and phase-contrast microscopy (Light).
Scale bars represent 2 mm.
(E) Expression of ER-anchored MS2 aptamer-binding protein inhibits the
growth of MS2 aptamer-tagged OXA1 cells. WT and oxa1D cells expressing
MS2-tagged OXA1 (OXA1MS2) from a plasmid and either Sec63-GFP or
Sec63-MCP-GFP were serial diluted, plated onto glucose- or glycerol-con-
taining synthetic medium, and grown (48 hr).
Error bars represent SEM.
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Figure 3. COPI Inactivation Mislocalizes
Oxa1 Protein to the ER
(A) Oxa1-RFP protein localizes to mitochondria in
WT cells. WT cells expressing MS2 aptamer-tag-
ged OXA1-RFP and either MTS-GFP (Mito) or
GFP-tagged Scs2 (ER) from plasmids were main-
tained at 26C or shifted to 37C (1 hr) prior to
visualization.
(B) Oxa1-RFP protein co-localizes with ER upon
sec26-2 inactivation. sec26-2 cells were treated
as in (A).
(C) Oxa1 protein co-localizes with ER upon COPI
inactivation. WT and indicated COPI ts strains
expressing MS2 aptamer-tagged OXA1-RFP and
GFP-Scs2 were grown and analyzed as in (A).
Gray bars indicate cells grown at 26C; black bars
indicate cells shifted to 37C (1 hr). glu, medium
containing glucose.
(D) Oxa1 localizes to ER in BFA-treated cells.
BFA-permeable yeast (ise1D) expressing MS2
aptamer-tagged OXA1-RFP and GFP-Scs2 were
left untreated (-) or treated with (+) BFA (100 mg/ml)
for 2 hr at 26C. Cells were analyzed for Oxa1-RFP
localization to ER.
Error bars represent SEM. Scale bars represent
2 mm. *p% 0.05; **p% 0.01; ***p% 0.005.intact COPI complex, and/or its assembly, is required for mMP
localization to mitochondria.
Protein Synthesis Is Required for Oxa1 Protein
Mislocalization to the ER
Given thatOXA1mRNAmislocalization to the ER is independent
of protein synthesis (Figure 2C), we asked whether COPI inacti-
vation redistributes Oxa1-RFP from mitochondria to the ER or
whether mislocalized OXA1-RFP is translated and the protein
imported directly into the ER. To distinguish between these pos-
sibilities, sec26-2 cells expressing OXA1-RFP were treated with
CHX at 26C or 37C (1 hr). The percentage of CHX-treated cells
displaying ER-localized Oxa1-RFP was similar at both tempera-
tures (Figure S2D). However, the amounts were4-fold less than
that observed in non-treated cells (compare to Figure 3C). Thus,
CHX treatment inhibited the increase in Oxa1-RFP protein local-
ization to the ER upon allele inactivation. This suggests that Oxa1
mislocalization requires de novo protein synthesis and is not due
to the redistribution of pre-existing mitochondrial Oxa1. Indeed,
we observed the co-localization of OXA1 mRNA granules with
ER-distributed Oxa1-RFP at 37C (Figure S2E, green arrows).
Thus,OXA1mRNA ismislocalized to the ER in a translation-inde-
pendent fashion that results in the translation-dependent misloc-
alization of Oxa1 protein.
To substantiate Oxa1 mislocalization to the ER upon COPI
inactivation, we examined the distribution Oxa1-RFP by sub-544 Cell Reports 15, 540–549, April 19, 2016cellular fractionation and density gradient
centrifugation to obtain ER-enriched
microsomal or cytosolic fractions. Frac-
tions derived from WT and sec27-1 cells
expressing OXA1-RFP at 26C or shifted
to 37C (1 hr) were examined for the co-fractionation of Oxa1-RFP with GFP-Scs2 (Figure S2F). Oxa1-
RFP was present in the microsomal fraction derived from both
cell types and at both temperatures (Figure S2F), but it did not
fractionate with a cytosolic marker, PGK1, or with a mitochon-
drial matrix protein, Aco1, which is also found in cytosol under
normal conditions (Ben-Menachem et al., 2011). When the ratios
between RFP and GFP signals in the microsomal fractions were
quantitated, an enrichment (50%) of Oxa1-RFP was observed
in the ER fraction derived from sec27-1 cells shifted to 37C,
whereas no increase in Oxa1-RFP distribution to the ER was
observed in WT cells (Figure S2G). Thus, Oxa1 partitions to the
ER under conditions when OXA1 mRNA co-localizes with the
ER (i.e., upon COPI inactivation).
COPI Subunits Localize to Mitochondria, and
Mitochondrial Morphology Is Altered in COPI Mutants
In addition to OXA1 mRNA and protein mislocalization, we
observed a dramatic change in mitochondrial morphology
upon COPI inactivation characterized by disappearance of the
tubular structures during vegetative growth and the accumula-
tion of mitochondria in an enlarged aggregate (Figures 3B and
S2A). This morphological change was observed in mutants
of the ER-mitochondria encounter structure (ERMES; e.g.
mmm1D, mdm10D, mdm12D, or mdm34D cells) (Kornmann
and Walter, 2010), upon the loss of CDC48 expression or dele-
tion of a Cdc48 adaptor (Esaki and Ogura, 2012), or upon
combined ARF1 and ARF2 mutations (Ackema et al., 2014).
Thus, our results suggest that COPI function is also relevant to
mitochondrial morphology.
To examine whether mitochondrial morphology affects mMP
localization, we examined the localization of endogenous OXA1
mRNA in deletion mutants of the fission (fis1D) and fusion
(fzo1D, ugo1D) machinery, and in ERMES (mmm1D, mdm10D),
by smFISH. We found that all mutations affected OXA1 mRNA
localization (mitochondrial localization was 36%, 29%, 20%,
4%, and 17%, respectively). Thus, any perturbation in mitochon-
drial morphology also affects mMP localization.
We determined whether COPI components localize to mito-
chondria by examining whether genome-encoded Sec28-GFP
or Sec27-GFP co-localizes with mitochondria labeled by MTS-
RFP. Sec28-GFP and Sec27-GFP localized to mitochondria
both in WT and sec26-2 cells at 26C and increased upon
COPI inactivation at 37C (Figures S3A and S3B). Notably,
Sec28-GFP labeling was more substantial in sec26-2 cells.
Next, we examined whether genome-encoded Sec21-HA(x3),
Sec27-HA(x3), or Sec28-HA(x3) co-fractionates with an enriched
mitochondrial fraction (Figure S3C). Although mainly in the
cytosol, some HA-tagged protein was evident in the mitochon-
drial fractions typified by the enrichment of the matrix protein,
Aco1. Overall, COPI subunits associate with mitochondria, and
their inactivation affects mitochondrial morphology.
COPI Inactivation Attenuates Mitochondrial Membrane
Potential, Function, and Import
We tested the role of COPI in mitochondrial function by exam-
ining whether mitochondrial inner membrane potential (DJ) is
affected upon COPI inactivation. WT and sec26-2 cells main-
tained at 26Cor shifted to 37C (1 hr) were labeled with tetrame-
thylrhodamine ethyl ester (TMRE), which labels active mitochon-
dria, and the fluorescence signal was measured using flow
cytometry (Figure S3D). sec26-2 cells showed 32% less labeling
than WT cells at 26C and 42% less at 37C, indicating a defect
in membrane potential.
A reduction in DJ can also be achieved using uncouplers of
oxidative phosphorylation, like carbonyl cyanidem-chlorophenyl
hydrazone (CCCP). We examined the effect of CCCP treatment
upon mitochondrial morphology in WT cells (Figure S4E) and
observed the same enlarged structures seen during COPI inac-
tivation (Figure 3B). CCCP treatment also strongly reduced
mMP (e.g.,OXA1, FIS1, IMG1, RSM25, andMDM10) localization
to the mitochondria (Figure S4F), as observed either upon COPI
inactivation at 37C or shifting cells to a non-fermentable carbon
source (Figures 1E and S1C). Thus, COPI inactivation by temper-
ature or growth on glycerol yields a phenotype reminiscent of the
direct uncoupling of mitochondrial membrane potential.
Given that reduced DJ correlates with defects in protein
translocation, we examined whether import in vivo is affected
in a COPI mutant. We used [35S]-methionine pulse-chase anal-
ysis using an artificial substrate, pSU9-DHFR-HA, which un-
dergoes MTS cleavage upon import. WT and sec26-2 cells
were pulsed at 37C in the presence of CCCP to accumulate
pre-imported substrate, followed by an unlabeled chase with
DTT (to negate the CCCP effect and facilitate import). pSU9-
DHFR-HA maturation was rapid in both cell types; however,the rate and extent were higher (1.5- to 2-fold) in WT cells (Fig-
ure S4G). Thus, the COPI mutant is less import competent under
these conditions.
Given that pSU9-DHFR-HA is a non-native substrate, we
examined the import of native proteins using an in vitro co-trans-
lational import assay (Knox et al., 1998).Wemeasured the import
of de-novo-translated [35S]-radiolabeled Cyb2 and Oxa1 pro-
teins directly into mitochondria derived from WT and sec26-2
cells grown continually at 24C on glycerol-containing rich me-
dium or shifted to 37C (2 hr) to inactivate COPI (Figure 4A).
Notably, the import of Cyb2 and Oxa1 into mitochondria isolated
from temperature-shifted sec26-2 cells was reduced to 58.9% ±
12.0% (n = 3) and 71.5% ± 0.6% (n = 2), respectively, of that
imported into mitochondria derived from WT cells (Figure 4B).
Overall, the results indicate that COPI inactivation inhibits protein
import into mitochondria.
COPI Inactivation Inhibits Respiration
Oxa1 is essential for growth on carbon sources that require
respiration (e.g., glycerol). Thus, reduced COPI activity leading
to mMP mislocalization and import defects should impair respi-
ratory growth, as evidenced by the artificial mistargeting ofOXA1
mRNA (Figure 2E). Given that prolonged inactivation of COPI ts
alleles (>1 hr at 37C) results in cell death, we tested the ability
of COPI mutants to grow at semi-restrictive temperatures (e.g.,
20C–37C) on glucose or glycerol. We identified a range of
temperatures where the COPI mutants grew on glucose-con-
taining, but not glycerol-based, medium (Figures 4C and S4A).
In contrast, WT cells grew comparatively well under all condi-
tions. Thus, COPI inactivation inhibits respiratory growth under
conditions when vesicular trafficking is not affected.
Different cis-Acting Elements Govern OXA1mRNA
Localization to the Mitochondria or ER
Next, we examined OXA1mRNA for motifs that might control its
localization. The OXA1 sequence comprises several features,
such as an MTS, multiple potential transmembrane domains
(TMDs), and a 30 UTR. To test their contribution to mitochondrial
localization, we expressed MS2-tagged OXA1 variants lacking
the 30 UTR (30 UTR), MTS initiation codon (ATG), MTS (resi-
dues 1–22; MTS), or both MTS and 30 UTR (MTS,30 UTR)
in WT cells and examined localization (Figure 4D; data shown
in Figure S4B). Although full-length OXA1 mRNA exhibited
>90% localization to mitochondria, variants lacking either the
MTS initiation codon or the entire MTS showed less localization
(48% and 42%, respectively). Thus, translation of the MTS is
important for mMP localization, in agreement with previous
studies (Eliyahu et al., 2010; Garcia et al., 2010). The 30 UTR
was significant for mitochondrial targeting only when the MTS
was absent, as removal led to 85% localization, while the
removal of both the MTS and 30 UTR led to 22% localization.
Thus, the encoded MTS is the principal cis-targeting motif, and
its translation (and probable engagement with the TOMcomplex)
confers mMP localization to mitochondria.
Given that COPI inactivation results in OXA1 mRNA mislocal-
ization to the ER (Figure 2), we examined theOXA1 sequence for
ER-targeting elements. Given that TMDs are enriched in ura-
cil-containing codons coding for hydrophobic residues andCell Reports 15, 540–549, April 19, 2016 545
Figure 4. COPI Inactivation Inhibits MP Import and Respiration
(A) Import in vitro of Cyb2 and Oxa1 is inhibited upon COPI inactivation. CYB2
andOXA1RNAswere translated in vitro using [35S]-methionine in the presence
(+) or absence (-) of mitochondria (Mito) isolated from WT and sec26-2 cells
grown on glycerol-containing medium and shifted to 37C for 2 hr. m, mature
form; im, immature form. Upper panels: autoradiograms of labeled proteins
after SDS-PAGE; lower panels: Western blots detected with anti-Tom40
(loading control for mitochondrial fraction).
(B) Import in vitro of Cyb2 and Oxa1 is inhibited upon COPI inactivation. His-
tograms of mature Cyb2 (average ± SD; n = 3; p < 0.01) and Oxa1 (n = 2; p <
0.001) in sec26-2 cells, relative to WT cells, are shown.
(C) COPI function is necessary for respiration. Indicated WT, COPI ts, and
galactose-inducible COPI (GAL-SEC28) strains were grown on medium con-
taining glucose or galactose (for GAL-SEC28 cells), diluted serially (10-fold
each), spotted onto solid medium containing glucose (Glu) or glycerol (Gly),
and grown at the indicated temperatures for 48 hr (for Glu) or 96 hr (for Gly).
(D) MTS translation and the 30 UTR target OXA1 mRNA to mitochondria.
A schematic summarizing the MS2-tagged constructs tested and corre-
sponding RNA localization data are shown. RNA localization to mitochondria
at 26C was scored in WT cells expressing the full-length coding sequence
(CDS) and 30 UTR (Full); and variants lacking the 30 UTR (-30 UTR), first initiation
codon (-ATG), encoded MTS (-MTS), and both MTS and 30 UTR (-MTS,-30
UTR). The bottom-most construct, which contains the CDS and 30 UTR but
lacks an encoded transmembrane region (-TMD), was expressed in sec26-2
cells shifted (1 hr) to 37C. Percentage of RNA granules localized to mito-
chondria was scored: +++++ indicatesR90% co-localization; ++++ indicates
R70%; +++ indicatesR50%; ++ indicatesR30%; and + indicatesR10%, or
background).
(E) A TMD region targetsOXA1 RNA to ER.WT yeast expressing an Oxa1 TMD
region with or without an initiation codon, e.g., TMD or TMD (ATG),
respectively; a corresponding region downstream of the TMD, ORF (control);
or the MS2 aptamer repeats alone, MS2 (control), were scored for RNA
localization to the ER. Scoring is as in (D).
See also Figure S4D.
546 Cell Reports 15, 540–549, April 19, 2016facilitate ER localization (Kraut-Cohen et al., 2013), we removed
the sequence coding for residues 282–304, which constitutes
a potential TMD. Importantly, this TMD-deficient construct
strongly localized to mitochondria in both WT cells and in
sec26-2 cells maintained at 26C or shifted to 37C (Figures
4D and S4C; <5% mislocalized mRNA granules at 37C). Thus,
the TMD region is necessary for OXA1 mRNA mislocalization
to the ER.
Next, we tested whether the encoded TMD alone confers RNA
localization to the ER. We expressed the MS2-tagged OXA1
TMD sequence (+20 nts flanking 50 and 30; Figure S4D) and
scored localization of the RNA granules with ER (Figures 4E
and S4E). We found that 65%of TMDRNA granules co-localized
with ER, and this was translation independent, as removal of the
translation initiation codon preceding the TMD (Figure S4D) did
not block ER localization (Figure S4E). As controls, we examined
localization of the MS2 aptamer expressed alone or an aptamer-
tagged OXA1 sequence downstream of the TMD (nt 1,050–
1,158; Figure S4D). The expression of either sequence yielded
some granule localization to the nuclear ER (48%; Figures 4E
and S4E). This approximates the basal level of interaction be-
tween a naive non-secretome transcript and the ER, as observed
previously (Kraut-Cohen et al., 2013), and may represent the
default pathway for RNA distribution (Kraut-Cohen and Gerst,
2010).
We confirmed that the encoded TMD targets RNA to the ER by
fractionating yeast expressing either the OXA1 TMD (ATG) or
Figure 5. COPI Inactivation Affects Sec21 or Sec27 Binding ofmMPs
(A) Plot of native and mutated OXA1 sequence. The potential RNA-protein
interaction scores for native and mutated OXA1 are shown.
(B) Alteration of the OXA1 sequence reduces RNA binding to Sec27. SEC27-
HA(x3) oxa1D cells expressing native or mutated OXA1 from plasmids were
processed for IP and RT-PCR using oligonucleotides against OXA1 or ACT1
(control). TCL, total cell lysate.
(C) Alteration of the OXA1 sequence alone affects respiration-dependent
growth. WT, oxa1D, and cells expressing mutated OXA1 (OXA1mut) from its
genomic locus were diluted serially, plated onto glucose- or glycerol-con-
taining medium, and grown for 48 and 72 hr, respectively.
(D) sec26-2 inactivation inhibits mMP binding by Sec21. WT and sec26-2 cells
expressing Sec21-HA(x3) from the genomeweremaintained at 26C or shifted
to 37C (1 hr) and processed for IP, RNA extraction, and detection of FIS1RNA
by qPCR. Error bars represent SEM.
(E) cis- and trans-acting elements regulate mRNA and protein targeting to
mitochondria. mMP (e.g.,OXA1) fate is regulated by cis-acting RNA elements,
such as the encodedMTS (MTSRNA) and 30 UTR, which facilitate localization to
the mitochondria upon translation and when the trans-acting COPI complex is
active. In contrast, when the MTS is absent, translation blocked, or COPI
inactive, then mMPs localize to the ER via other cis-acting elements (e.g., the
encoded TMD) in a translation-independent fashion. Undetermined trans-
acting factors likely retain mMPs at the ER under these conditions. MP import
into the ERmay represent a dead-end path utilized during switching from non-
fermentable to fermentable carbon sources.the OXA1 control sequence and assaying the amount of these
transcripts in the ER and cytosolic fractions by real-time PCR
(Figure S4F). The OXA1-derived TMD region was >4-fold more
abundant in the ER than the control transcript. Thus, we identify
two cis-acting elements, the encoded MTS and a TMD region,
as regulating translation-dependent OXA1 mRNA localization
to mitochondria and translation-independent localization to the
ER, respectively.
Finally, we used the cat RAPID omics algorithm (Agostini et al.,
2013), which predicts RNA-protein interactions, to analyze the
OXA1 sequence and determine potential sites of interaction
with Sec27. We identified two regions (349–402 and 757–810)
with strong interaction scores and mutated them with synony-
mous mutations (Figures 5 and S4G). Mutated OXA1 RNA
(OXA1mut) was much less able to co-precipitate with endoge-
nously expressed Sec27-HA(x3) than native OXA1 (Figure 5B),
and the expression of OXA1mut from the genomic locus led to
a decrease in mRNA localization to the mitochondria (56%
co-localization; data not shown). Importantly, the ability of these
cells to grow on glycerol-containing medium was impaired (Fig-
ure 5C), although the level of Oxa1mut protein was not reduced
(data not shown). Thus, interference with OXA1 trafficking by
re-targeting to the ER (Figure 2E), mutation of a potential
COPI-interaction site (Figure 5C), or COPI inactivation per se
(Figures 1A–1D and 4C) leads to respiration-deficient growth.
MTS and TMD Elements Govern Oxa1 Protein
Localization to the Mitochondria or ER
Given that MTS and TMD elements regulate OXA1 mRNA local-
ization, they likely control Oxa1 protein localization. We tested
the role of these elements (Figure S5A) in the localization of
Oxa1-RFP. While full-length Oxa1 targeted the mitochondria
almost exclusively, removal of the MTS altered protein locali-
zation to the ER (Figure S5B). This was observed at both
26C and 37C (1 hr) in sec26-2 cells, and suggests that theCell Reports 15, 540–549, April 19, 2016 547
MTS is the major cis determinant that confers mitochondrial
localization.
Next, we examined the localization of Oxa1-RFP lacking the
TMD in sec26-2 cells. Interestingly, the TMD-deficient construct
had a tubular pattern consistent with mitochondrial labeling at
26C and 37C and did not show ER labeling at the restrictive
temperature (Figure S5B), in contrast to native Oxa1 (Figure 3B).
Co-labeling with MTS-GFP confirmed that this tubular pattern
was mitochondrial, even upon sec26-2 inactivation, upon which
98% of cells showed only mitochondrial labeling (data not
shown). Thus, the TMD region is necessary for Oxa1 localization
to ER.
Removal of both the MTS and TMD led to diffuse labeling,
althoughpunctate/tubular structureswere observed (FigureS5B).
Although this pattern is unclear, it didnot give the typical pattern of
mitochondrial aggregation seen upon COPI inactivation (Figures
3B and S5B; 37C, top rows). Thus, removal of both targeting
sequences may result in aggregates that do not localize to either
organelle.
RNA Binding to COPI Subunits Is Inhibited upon COPI
Inactivation
Given that aggregated mitochondria are observed upon both
COPI inactivation (Figures 3B and S5B) and ERMES mutations
(Kornmann andWalter, 2010), we tested for genetic and physical
interactions between COPI and ERMES. However, we were
unable to show physical interactions through co-immunoprecip-
itation (coIP), genetic interactions via combined mutations, or
co-localization using fluorescent-protein-tagged subunits (data
not shown). Thus, it is unlikely that phenotypes observed upon
COPI inactivation are connected to ERMES dysfunction.
To determine how COPI affects mMP localization, we exam-
ined whether RNA binding to COPI subunits is affected by
COPI inactivation. We immunoprecipitated genome-expressed
functional Sec21-HA(x3) or plasmid-expressed HA-Sec27 (data
not shown) and assayed their ability to bind mMPs and control
RNAs in sec26-2 cells maintained at 26C or shifted to 37C.
Together, the qPCR results obtained with Sec21 (Figure 5D) or
RT-PCR results obtained with Sec27 (Figure S5C) show that
RNA binding by COPI is inhibited upon sec26 inactivation by
50%. RNA binding by COPI was selective for mMPs and not
for cortical ER-localized mRNAs encoding polarity factors (Fig-
ure S5C; e.g., EXO70 and SRO7) (Aronov et al., 2007). Thus,
COPI inactivation reduces RNA binding by Sec27, which may
account for defects in mMP delivery to mitochondria and subse-
quent deficiencies in mitochondrial morphology and function.
DISCUSSION
Although factors involved in mMP localization (e.g., 30 UTR, MTS
translation, TOM components, and Puf3) have been identified
(Weis et al., 2013), the process ofmRNA delivery tomitochondria
is poorly understood. We now demonstrate an essential role for
COPI in mitochondrial function and show that COPI inactivation
(by temperature shift or growth on a non-fermentable carbon
source) decreases mMP localization to mitochondria (Figures 1
and S1C) while increasing localization to the ER (Figures 2A,
2B, 2D, 2E, and S1E). This results in the mislocalization of trans-548 Cell Reports 15, 540–549, April 19, 2016lated MPs such as Oxa1 (Figures 3 and S2A, and S2B), changes
in mitochondrial morphology (Figure 3B) and deficits in mem-
brane potential (Figure S3D), MP import in vitro and in vivo (Fig-
ures 4A, 4B, and S3G), and respiratory growth (Figures 4C and
S4A). Given that mMP localization necessitates Sec18 (yeast
N-ethylmaleimide-sensitive fusion factor) function (Figure S2C)
and is BFA sensitive (Figure 3D), it appears that COPI-mediated
vesicle transport and/or the efficient mobilzation of COPI sub-
units facilitates RNA delivery/localization to mitochondria. This
is physiologically important, as the partial mistargeting of only
one mMP (e.g., OXA1) to the ER has consequences upon respi-
ratory growth (Figures 2E and 5C), whereas COPI inactivation via
temperature shift or carbon source usage affects mMP localiza-
tion non-selectively (Figures 1E and S1C) and has catastrophic
effects upon respiration (Figure 4C).
Other non-canonical trafficking roles for COPI in endosomal
transport, lipid droplet biogenesis, andmitotic Golgi morphology
have been described (Popoff et al., 2011), and COPI subunits
(bCOP/Sec26, b0COP/Sec27) bind yeast poly(A)+ RNAs in vitro
(Tsvetanova et al., 2010). Arf1, a component of COPI coatomer,
regulates ASH1 mRNA localization (Trautwein et al., 2004), as
well as mitochondrial morphology andmembrane protein degra-
dation (Ackema et al., 2014), although no direct involvement of
COPI was posited. However, we cannot preclude a role for Arf
in the regulation of mMP trafficking, given its involvement in
COPI assembly (Popoff et al., 2011).
Our results suggest that COPI facilitates mMP localization and
that inactivating mutations in COPI subunits (e.g., sec26-2) re-
duces RNA binding (Figures 5D and S5C) and delivery to the
mitochondria. How mMPs interact with COPI subunits is not
known, although Sec26 and Sec27 possess WD40 b-propeller
repeats that may bind RNA, and we identify sequences in the
OXA1 message relevant for Sec27 binding (Figures 5A–5C).
Overall, the full mechanism underlying COPI-mediated mMP
targeting remains unclear, since we do not necessarily predict
COPI vesicle fusion with mitochondria and found no role for
ERMES in mMP localization. Nevertheless, our work exemplifies
an unsurmised tight connection between mRNA delivery and
vesicular transport pathways.
Useof amodelmMP (OXA1mRNA) reveals thatmultiplecisand
trans elements (e.g., MTS, 30 UTR, TMD, and COPI) and de novo
protein synthesis control MP localization to either the mitochon-
dria or ER and affect mitochondrial function (see model in Fig-
ure 5E). Thus, mMP localization may ultimately define protein
localization. Although theco-translational import ofmitochondrial
innermembrane proteins has been demonstrated (Williams et al.,
2014), this does not preclude the possibility that mMP localiza-
tion to the membrane (either mitochondria or ER) predetermines
where translation initiation begins. Thus, RNA localization may
ultimately control protein localization and organellar function.EXPERIMENTAL PROCEDURES
Yeast, Plasmids, and Standard Procedures
Strains are listed in Table S1. Plasmids are listed in Table S2. Procedures for
growth assays, fluorescence microscopy, smFISH, subcellular fractionation,
RNA isolation and analysis, in vivo MP import, and IP of RNA and protein are
detailed in the Supplemental Experimental Procedures.
In Vitro MP Import Assay
MP processing and import (e.g., Cyb2 and Oxa1) was examined by [35S]-
methionine labeling and co-translational import in vitro (Knox et al., 1998)
with mitochondria purified from WT and sec26-2 yeast. The CYB2 and
OXA1 genes (including 30UTRs; 1,899 and 1,272 nt, respectively) were
transcribed in vitro from pGEM-T Easy vectors using SP6 polymerase in
accordance with standard procedures. Differential centrifugation was used
to isolate a mitochondria-enriched preparation (Daum et al., 1982) from WT
and sec26-2 yeast grown to mid-log phase on YP (yeast peptone)-glycerol
at 24C and shifted to 37C (2 hr) prior to harvesting. Co-translational labeling
and import were performed as in Knox et al. (1998), whereby synthesis of
Cyb2 and Oxa1 precursor proteins was initiated in a rabbit reticulocyte lysate
(Promega) mixture containing 10 mCi [35S]-methionine for 2 min on ice. Mito-
chondria (16 mg protein) were added, and the mixture was incubated at 30C
for 20 min, prior to stopping the reaction with cold buffer containing 250 mM
sucrose, 10 mM MOPS, and 1 mM EDTA. Samples were centrifuged at
10,000 3 g, and the mitochondrial pellet was resuspended in sample buffer,
resolved by SDS-PAGE, blotted onto nitrocellulose membranes, and autora-
diographed. Quantification of the immature and mature (MTS-cleaved) forms
was performed using AIDA Image Analyzer software (raytest).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2016.03.053.
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